We have shown previously in the developing cerebral cortex that estrogen elicits the rapid and sustained activation of multiple signaling proteins within the mitogen-activated protein (MAP) kinase cascade, including B-Raf and extracellular signalregulated kinase (ERK). Using estrogen receptor (ER)-␣ genedisrupted (ERKO) mice, we addressed the role of ER-␣ in mediating this action of estrogen in the brain. 17␤-Estradiol increased B-Raf activity and MEK (MAP kinase/ERK kinase)-dependent ERK phosphorylation in cerebral cortical explants derived from both ERKO and their wild-type littermates. The ERK response was stronger in ERKO-derived cultures but, unlike that of wild-type cultures, was not blocked by the estrogen receptor antagonist ICI 182,780. Surprisingly, both the ER-␣ selective ligand 16␣-iodo-17␤-estradiol and the ER-␤ selective ligand genistein failed to elicit ERK phosphorylation, suggesting that a different mechanism or receptor may mediate estrogen-induced ERK phosphorylation in the cerebral cortex. Interestingly, the transcriptionally inactive stereoisomer 17␣-estradiol did elicit a strong induction of ERK phosphorylation, which, together with the inability of the ER-␣-and ER-␤-selective ligands to elicit ERK phosphorylation, and of ICI 182,780 to block the actions of estradiol in ERKO cultures, supports the hypothesis that a novel, estradiol-sensitive and ICI-insensitive estrogen receptor may mediate 17␤-estradiolinduced activation of ERK in the brain.
The traditional view of estrogen action is that the estrogen receptor (ER) acts as a transcriptional modulator, requiring direct interaction with DNA. This mechanism, however, is neither sufficient to explain the rapidity of the effects of estrogen nor adequate to account for its wide range of actions in the brain, which include such responses as the enhancement of axon and dendrite (neurite) growth and differentiation (Toran-Allerand, 1976 , 1984 , neuroprotection (via multiple mechanisms) (Behl et al., 1995; Green et al., 1996; Simpkins et al., 1997) , and influences on cognitive behaviors and functions (Singh et al., 1994; Luine et al., 1998) . We have proposed an alternative hypothesis for estrogen action in the brain, involving interactions of the estrogen receptor system with various growth factors, including the neurotrophins, a class of molecules also known to be important for the development and survival of neurons (Toran-Allerand, 1996) . We demonstrated previously colocalization of the estrogen receptor with the neurotrophin ligands and their receptor systems (p75 N TR and the trks) in neurons of the developing CNS (ToranAllerand et al., 1992; Miranda et al., 1993) , providing an anatomical substrate and the potential for interactions of estrogen with the neurotrophins. In fact, not only has reciprocal regulation of these two receptor systems by their ligands been described previously (Sohrabji et al., 1994) , but convergence, or cross-coupling, of their signal transduction pathways has also been documented in the developing cerebral cortex in which estradiol elicited the rapid and sustained activation of multiple members of the mitogen-activated protein (MAP) kinase cascade, including B-Raf and the extracellular signal-regulated kinases ERK1 and ERK2 (Singh et al., 1999) . Through the intermediary of ERK activation, the very rapid effects of estrogen (Chiaia et al., 1983; Garcia-Segura et al., 1987; Migliaccio et al., 1993) , as well as the influence of estrogen on genes that do not contain a canonical estrogen response element (ERE) (Sukovich et al., 1994) , may be better explained.
With the recent cloning of a second estrogen receptor, ER-␤ (in which the classical ER is now termed ER-␣), it became important to identify the estrogen receptor subtype that mediates estrogen activation of ERK. We studied the effects of 17␤-estradiol on cerebral cortical explants derived from the ER-␣ gene-disrupted (ERKO) mouse (Lubahn et al., 1993) and show here that 17␤-estradiol activates B-Raf and ERK in the cerebral cortex derived from both ERKO and their wild-type littermates, with the ERK response being stronger in ERKO-derived cultures. Moreover, neither the ER-␣-selective ligand 16␣-iodo-17␤-estradiol (Shughrue et al., 1999) nor the ER-␤-selective ligand genistein (Witkowska et al., 1997) were capable of eliciting ERK phosphorylation. Together with the inability of the estrogen receptor antagonist ICI 182,780 to block this action of estradiol in ERKO tissue and the ability of the transcriptionally inactive stereoisomer 17␣-estradiol to elicit strong ERK phosphorylation, our data support the hypothesis that a novel, estradiol-sensitive and ICI-insensitive estrogen receptor may mediate the stimulatory effect of estradiol on ERK activation in the developing cerebral cortex.
MATERIALS AND METHODS
Mice. Six breeding pairs of C57BL /6J mice heterozygous for the ER-␣ gene disruption (L ubahn et al., 1993) were mated for each experiment.
Genot yping. On the day of birth [postnatal day 1 (P1)], tail snips were obtained from the pups and used for genotyping. Briefly, tissues were digested with Proteinase K at 56°C for 90 min, followed by a 99°C incubation for 10 min. The samples were then vortexed vigorously, and insoluble material was pelleted in a microf uge. Supernatants were used in a PCR reaction that used one primer pair (primer 1, 5Ј-CGG TC T ACG GCC AGT CGG GCA TC -3Ј; primer 2, 5Ј-GTA GAA GGC GGG AGG GCC GGT GTC -3Ј) for the ER-␣ gene product (product size of 239 bp) and one primer pair (primer 2 from above with N EO primer 5Ј-GC T GAC CGC TTC C TC GTG C TT TAC -3Ј) for the neomycin insert-containing gene product (product size of 790 bp). The PCR program was performed as follows: 1 cycle at 94°C for 3 min, and 30 cycles of 94°C for 45 sec, 62°C for 1 min, and 72°C for 1 min 40 sec, followed by a final extension cycle of 72°C for 7 min. Products were analyzed by agarose gel electrophoresis. Wild-type animals revealed the smaller, 239 bp band, homozygous knock-outs showed the larger 790 bp band, and heterozygotes displayed both bands.
Each breeding resulted in the generation of approximately six to eight homozygous ERKO pups, approximately the same number of wild-type animals, and almost double the number of heterozygotes. Pups homozygous for the ERKO and wild-type littermates, but not heterozygotes, were used to prepare cultures on P3.
T issue culture. Hemicoronal slices (360 m thick) of P3 frontal and cingulate cerebral cortex derived from either wild-type or ERKO pups were prepared and maintained by the roller tube culture technique in steroid-deficient and phenol red-free nutrient medium, supplemented with a cocktail of human recombinant neurotrophins (NGF, BDN F, N T-3, N T-4/5; 50 ng /ml each; Intergen, Purchase, N Y) and 17␤-estradiol (2 nM; Sigma, St. L ouis, MO), as described previously (Singh et al., 1999) . Previous observations in our laboratory have established that the addition of estrogen and the neurotrophins to the nutrient media optimizes the development of the cultures (C. D. Toran-Allerand, unpublished observations) .
Treatment of cultures. After 6 d in vitro, a 24 hr washout period was performed, consisting of both omitting exogenously added 17␤-estradiol and neurotrophins, and adding blocking antibodies to rodent NGF (Sigma), BDN F, and N T-3 [gift of R. A. Rush, Flinders University, Adelaide, Australia (Z hou and Rush, 1995) ]. The following day, explants were pulsed with 10 nM 17␤-estradiol or 100 ng /ml each individual neurotrophin (NGF, BDN F, N T-3, and N T-4/5) administered together as a cocktail for a single 30 min time point. The neurotrophin-treated cultures served as positive controls. For the evaluation of the effect of the transcriptionally inactive stereoisomer of 17␤-estradiol, 17␣-estradiol, cultures were pulsed with 10 nM 17␣-estradiol for 0, 15, 30, or 60 min.
The individual contributions of ER-␣ and ER-␤ to estrogen-induced ERK phosphorylation were evaluated using the selective ligands 16␣-iodo-17␤-estradiol and genistein, respectively. 16␣-Iodo-17␤-estradiol (Hochberg and Rosner, 1980 ) (gift of R. B. Hochberg, Yale University, New Haven, C T), which is selective for ER-␣ at concentrations below 10 nM (Shughrue et al., 1999) , was administered for 30 min to the cerebral cortical explants. Genistein (Upstate Biotechnology, Lake Placid, N Y), an ER-␤-selective ligand (Witkowska et al., 1997) , was also studied with respect to its ability to phosphorylate ERK . Displacement curves evaluating the displacement of 3 H-estradiol from either the ER-␣ or ER-␤ ligand binding domains have revealed that genistein binds preferentially to ER-␤ in the low to mid nanomolar range (Witkowska et al., 1997 ). As such, genistein was administered to cerebral cortical explants for 30 min at concentrations of 0.1, 1, 10, and 100 nM. However, in the presence of 10 nM 17␤-estradiol, 100 M genistein, a concentration at which genistein acts as a tyrosine kinase inhibitor (Akiyama et al., 1987) , served as a positive control, verif ying the activity of the genistein used.
To identif y the effect of the estrogen receptor antagonist ICI 182,780 (gift of A. E. Wakeling, Z eneca Pharmaceuticals, Macclesfield, Cheshire, UK) on 17␤-estradiol-induced ERK phosphorylation, cultures were pretreated with either 1 M ICI 182,780 or 0.1% DMSO (vehicle control) 24 hr before pulsing the explants. After 24 hr, cultures were treated with 10 nM 17␤-estradiol in the continued presence of either the antagonist or the vehicle control. For M EK (M AP kinase/ ERK kinase) inhibition, the cultures were pretreated with either the M EK1/2 inhibitor PD98059 (100 M; New England Biolabs, Beverly, M A) or 0.1% DMSO for 4 -5 hr before pulsing the cultures with the appropriate 17␤-estradiol or neurotrophin treatments.
Western blot anal ysis (ER K phosphor ylation).
Cultures were harvested into protease inhibitor-and phosphatase inhibitor-containing lysis buffer and prepared for PAGE, as described previously (Singh et al., 1999) . After electrophoretic separation, proteins were transferred onto poly vinylidene difluoride membranes (0.22 m pore size; Bio-Rad, Hercules, CA), blocked overnight with 3% BSA (Fraction V; Sigma) in Trisbuffered saline containing 0.2% T ween-20, and probed with the following antibodies: for ERK phosphorylation, rabbit anti-phosphoM APK (dual phospho-specific (Thr202/ T yr204), 1:1000; New England Biolabs); for ERK protein determination, goat or rabbit anti-ERK1 (1:1000), or goat or rabbit anti-ERK2 (1:1000; Santa Cruz Biotechnology, Santa Cruz, CA). Antibody binding to the membrane was detected using a secondary antibody (either goat anti-rabbit or donkey anti-goat) conjugated to horseradish peroxidase (1:40,000; Pierce, Rockford, IL) and visualized on autoradiographic film using enzyme-linked chemiluminescence (Amersham, Arlington Heights, IL). All blots depicting phosphoERK levels were reprobed with the anti-ERK1 and ERK2 antibodies to verif y equal loading of protein across lanes, and where necessary, densitometric analysis of the ERK protein levels were performed to ensure similar levels of protein loaded across lanes.
B-Raf k inase assay. C erebral cortical explants were lysed and incubated with a rabbit anti-B-Raf antibody (Santa Cruz Biotechnology) for 3 hr and precipitated using anti-rabbit IgG-coated magnetic beads (Dynabeads; Dynal, Oslo, Norway). As a negative control, a preimmune IgG-immunoprecipitated cortical lysate was always run in parallel with the experimental samples. After four washes with lysis buffer, the B-Rafbound beads were used as the starting material for the B-Raf kinase assay. The assay procedure was performed according to the protocol provided in the B-Raf kinase assay kit (Upstate Biotechnology) and is based on the phosphorylation of myelin basic protein (MBP) by a B-Raf-activated kinase cascade using radioactive ATP as the final phosphate donor. Briefly, assay dilution buffer [20 mM 3-(N-morpholino) propane sulfonic acid (MOPS), pH 7.2, 25 mM ␤-glycerol phosphate, 5 mM EGTA, 1 mM Na 3 VO 4 , and 1 mM dithiothreitol] and the magnesiumcold ATP cocktail were added in conjunction with 0.4 g of inactive M EK1 and 1 g of inactive glutathione S-transferase-p42 M AP kinase. This mixture was then incubated for 30 min at 30°C. Additional assay dilution buffer, MBP, and [␥-32 P] ATP were added subsequently and incubated for another 10 min at 30°C while shaking thoroughly. After boiling the samples for 5 min, 25 l of the supernatant was spotted onto P81 phosphocellulose paper, which exhibits differential binding of the phosphorylated MBP from unincorporated 32 P. Radioactivity incorporated into the P81 paper was then counted using a scintillation counter (Searle model Delta 300).
Statistical anal ysis. Resulting counts per minute values obtained from the B-Raf kinase assay were analyzed using a one-way ANOVA, followed by Scheffe's post hoc analysis for group differences. Statistical analyses were performed using the SPSS software (SPSS Inc., Chicago, IL).
Densitometric anal yses. Autoradiograms were scanned using an HP Scanjet 6200C (Hewlett Packard Company, Greeley, C O) and analyzed using Kodak 1D Image Analysis software (Eastman Kodak, Rochester, N Y). Net intensity values were calculated by subtracting the background within the area measured for each band, from the total intensity within this same measured area to account for any variation in background intensity across the film.
RESULTS
A single 30 min treatment of 17␤-estradiol, a time point shown previously to elicit significant ERK1 and ERK2 phosphorylation and activation (Singh et al., 1999) , was administered to cerebral cortical explants derived from ERKO and wild-type mice. Whereas 17␤-estradiol elicited ERK phosphorylation in both ERKO and wild-type cerebral cortex (Fig. 1) , ERKO cultures showed a more robust response. ERK phosphorylation levels in ERKO tissue were increased 29-fold in response to 17␤-estradiol, whereas wild-type cultures exhibited only a fourfold increase. Interestingly, the effect of the neurotrophins was also augmented in ERKO tissue.
To further evaluate the individual contributions of ER-␣ and ER-␤ on ERK phosphorylation in wild-type cultures, we analyzed the effects of the halogenated estrogen 16␣-iodo-17␤-estradiol (Hochberg and Rosner, 1980) , which has a selective affinity for mouse ER-␣ at concentrations below 10 nM (Shughrue et al., 1999) , and of the phytoestrogen genistein, which has a selective affinity for ER-␤ (Witkowska et al., 1997) . 16␣-Iodo-17␤-estradiol at concentrations of 0.1, 1, and 10 nM not only failed to elicit ERK phosphorylation but actually resulted in an ϳ70% reduction of baseline ERK phosphorylation (Fig. 2) . The effect of the ER-␤-selective ligand genistein (Witkowska et al., 1997) was also evaluated and found to be without influence on ERK phosphorylation at concentrations ranging from 0.1 to 100 nM (Fig. 3) . However, at 100 M, a concentration at which genistein acts as a tyrosine kinase inhibitor (Akiyama et al., 1987) , 17␤-estradiolinduced ERK phosphorylation was successfully inhibited, verifying that the genistein used was indeed biologically active. Because both 16␣-iodo-17␤-estradiol and 17␤-estradiol have similar affinities for ER-␣ (Hochberg and Rosner, 1980) , the inability of 16␣-iodo-17␤-estradiol to stimulate ERK phosphorylation is probably not attributable to inadequate binding to the estrogen receptor, particularly because a concentration as low as 0.1 nM 17␤-estradiol was sufficient to activate ERK (data not shown). Interestingly, the transcriptionally inactive stereoisomer for 17␤-estradiol, 17␣-estradiol, was equally capable of eliciting phosphorylation of ERK (Fig. 4) .
The ability of the estrogen receptor antagonist ICI 182,780 to inhibit 17␤-estradiol induction of ERK phosphorylation was also evaluated in the cerebral cortex derived from both genotypes. ICI 182,780 blocked the effect of 17␤-estradiol on ERK phosphorylation in wild-type cortical cultures (Fig. 5A) but not in those derived from ERKO mice (Fig. 5B) . Neurotrophin induction of cortical ERK phosphorylation was unaffected by the ICI compound. The MEK1/2 inhibitor (PD98059), on the other hand, inhibited 17␤-estradiol-and neurotrophin-induced ERK phosphorylation in both wild-type and ERKO cultures (Fig. 6) .
To determine whether the activation of elements upstream of ERK was still possible after the disruption of cortical ER-␣ Figure 1 . 17␤-Estradiol-induced ERK phosphorylation in wild-type and ERKO cerebral cortex. Cerebral cortical explants derived from either wild-type or ERKO mice were treated for a single 30 min time period with either 10 nM 17␤-estradiol or a neurotrophin cocktail (of NGF, BDNF, NT-3, and NT-4/5 at 100 ng/ml each). Cortical lysates were immunoprecipitated for ERK protein and subsequently probed for phosphotyrosine using the 4G10 anti-phosphotyrosine antibody (Upstate Biotechnologies). ERK phosphorylation was seen both in wild-type and ERKO cultures, although the extent of phosphorylation was stronger in ERKO cultures. The bottom panel represents reprobing of the phosphotyrosine blot for ERK protein to verify equal loading of protein across lanes. Densitometric representation of the relative intensities of ERK phosphorylation is also provided, revealing the significant enhancement of 17␤-estradiol-induced ERK phosphorylation in ERKO cultures. Data shown are representative of three independent experiments. expression, we studied the effect of 17␤-estradiol on B-Raf activity in both genotypes. In keeping with our earlier observation that cortical B-Raf activity in the rat was strongest in response to a 1 hr exposure of 17␤-estradiol (Singh et al., 1999) , we found that a 1 hr treatment with 17␤-estradiol similarly increased B-Raf activity in cerebral cortical explants derived from both wild-type and ERKO mice (Fig. 7) .
DISCUSSION
We have proposed recently a novel and alternative mechanism for estrogen action in the developing brain that involves the activation of multiple signaling intermediates within the MAP kinase cascade through convergence or cross-coupling of the estrogen and neurotrophin signal transduction pathways (Singh et al., 1999) . The identification of a second estrogen receptor, ER-␤ (Kuiper et al., 1996; Mosselman et al., 1996; Ogawa et al., 1998) , which is expressed with ER-␣ in explants of the developing cerebral cortex (Toran-Allerand, unpublished observations), raised questions regarding the identity of the estrogen receptor subtype(s) that mediates estrogen activation of ERK. We therefore evaluated the role of ER-␣ and ER-␤ in estrogen-induced activation of the MAP kinase cascade using both the ER-␣ gene-disrupted mouse model (ERKO) and pharmacological agonists previously documented to have a selective affinity for either ER-␣ or ER-␤.
The present study revealed that the disruption of ER-␣ gene expression in the ERKO cerebral cortex did not prevent 17␤-estradiol from activating members of the MAP kinase cascade, including B-Raf and MEK-dependent ERK phosphorylation. In fact, ERK phosphorylation was significantly stronger in ERKO cortical cultures (Fig. 1) . Because the level of ER-␤ mRNA is Figure 3 . The effect of genistein on ERK phosphorylation in wild-type cerebral cortical explants. Concentrations of the ER-␤-selective ligand genistein, ranging from 0.1 to 100 nM, were evaluated for ERK phosphorylation. Genistein failed to elicit ERK phosphorylation at any concentration tested. As a control, we evaluated the efficacy of the compound at a higher (100 M) concentration at which inhibition of tyrosine kinase activity is expected and found that genistein successfully inhibited estradiol-induced ERK phosphorylation to below baseline levels. The bottom panel represents reprobing of the phosphoERK blot for ERK protein to verify equal loading of protein across lanes. Densitometric representation of the relative intensities of ERK1 phosphorylation is also provided, documenting the lack of effect of genistein at the nanomolar concentrations on ERK phosphorylation. Data are representative of two independent experiments. approximately the same in wild-type as in ERKO animals (Couse et al., 1997) and assuming that the level of translation to functional ER-␤ protein is similar, it is unlikely that the enhanced response to estrogen is caused by a compensatory upregulation of ER-␤. To further evaluate the role of ER-␣ in the regulation of ERK by estrogen, we analyzed the effect of the ER-␣-selective ligand 16␣-iodo-17␤-estradiol on ERK phosphorylation. At concentrations of 10 nM and below [concentrations that bind preferentially to mouse ER-␣ (Shughrue et al., 1999) ], this ligand failed to elicit the phosphorylation of ERK. In fact, a significant inhibition (70% below baseline) was observed, suggesting that ER-␣ may serve to mediate inhibition of ERK phosphorylation. The enhanced response of ERK to estrogen in ERKO tissue, seen in Figure 1 , may also be consistent with this proposed inhibitory role of ER-␣ in which, in the absence of such inhibitory control, 17␤-estradiol elicits a more robust stimulation of ERK phosphorylation. We also found that neurotrophin-induced ERK phosphorylation was similarly augmented in the ERKO tissue. Because certain upstream elements of the MAP kinase pathway that are activated by the neurotrophins, such as B-Raf, exist in a multimolecular complex with ER-␣ (Singh et al., 1999) , the disruption of ER-␣ expression could have consequences for neurotrophin signaling as well. We are currently exploring the mechanisms underlying the enhanced responsiveness of ERK to the neurotrophins in ERKO tissue.
Interestingly, the ER-␤-selective ligand genistein (Witkowska et al., 1997 ) also failed to elicit ERK phosphorylation, suggesting that ER-␤ may not be involved in this estrogen action either. Because no specific end point that can be ascribed to selective ER-␤ activation is currently known, we were not able to verify whether, in fact, the concentrations of genistein used in our experimental system interact with ER-␤ exclusively. However, in vitro binding studies have demonstrated preferential binding of genistein to the rodent ER-␤ ligand binding domain (Witkowska et al., 1997) at concentrations similar to those used in our study, providing support for its selectivity in our rodent cerebral cortical explant system. In contrast, others (Kuiper et al., 1998) have documented that, in a transient gene expression assay in which both ER-␣ and ER-␤ were cotransfected with an estrogendependent reporter system, low to mid nanomolar concentrations of genistein could induce transcriptional activity of both ER-␣ and ER-␤. However, the inability of genistein to elicit ERK phosphorylation despite its apparent ability to activate both ER-␣ and ER-␤ only further supports our hypothesis that neither of these known receptors are involved in the ability of estradiol to elicit activation of the MAP kinase cascade. Moreover, we found that the estrogen receptor antagonist ICI 182,780, which binds to both ER-␣ and ER-␤ , did not disrupt 17␤-estradiol-induced ERK phosphorylation in the ERKO cultures.
We have also observed that 17␤-estradiol, a transcriptionally inactive stereoisomer of 17␣-estradiol in adult reproductive tissues with 100-fold lower affinity for the estrogen receptor (Ginsburg et al., 1977; Merriam et al., 1980) , is equally capable of eliciting robust ERK phosphorylation in wild-type cultures of the cerebral cortex (Fig. 4) . 17␣-Estradiol, like its stereoisomer, has also been shown to be a potent neuroprotective agent, with only moderate sensitivity to estrogen receptor antagonists and is postulated to act independently of currently known estrogen receptors (Behl et al., 1997) . Thus, it is possible that the ability of 17␣-estradiol to phosphorylate ERK may occur via a similar alternative pathway, perhaps involving a novel, antagonist-insensitive estrogen receptor. Although these data suggest that a novel estrogen receptor may exist, further analysis in mice lacking the ER-␤ receptor (Krege et al., 1998) will undoubtedly help test this hypothesis.
The existence of novel estrogen receptors has, in fact, been proposed previously. These include the identification of a 112 kDa estrogen receptor in the adult rat cerebral cortex (Asaithambi et al., 1997) and the characterization of membrane estrogen receptors (estrogen binding sites) in extraneural estrogen targets (Pietras and Szego, 1977; Pappas et al., 1995; Karthikeyan and Thampan, 1996) . The latter may either repre- Figure 6 . Effect of PD98059 on ERK phosphorylation in wild-type and ERKO cerebral cortex. The MEK1/2 inhibitor PD98059 was used to evaluate the involvement of the upstream signaling protein MEK in the 17␤-estradiol-induced ERK phosphorylation seen in both wild-type and ERKO cultures. PD98059 (100 M) successfully inhibited both 17␤-estradiol-and neurotrophin-induced ERK phosphorylation in the cultures of both genotypes. The bottom panels represent reprobing of the phosphoERK blot for ERK protein to verify equal loading of protein across lanes. Densitometric representation of the relative intensities of ERK1 phosphorylation is also provided, revealing the significant inhibition of both 17␤-estradiol-and neurotrophin-induced ERK phosphorylation with PD98059 in both wild-type and ERKO cultures. Data are representative of three independent experiments. 
